Explicit memory after anaesthesia has gained considerable attention because of its negative implications, while implicit memory, which is more elusive and lacks patients' explicit recall, has received less attention and dedicated research. This is despite the likely impact of implicit memory on postoperative long-term well-being and behaviour. Given the scarcity of human data, fear conditioning in animals offers a reliable model of implicit learning, and importantly, one where we already have a good understanding of the underlying neural circuitry in awake conditions. Animal studies provide evidence that fear conditioning occurs under anaesthesia. The effects of different anaesthetics on memory are complex, with different drugs interacting at different stages of learning. Modulatory suppressive effects can be because of context, specific drugs, and dose dependency. In some cases, low doses of general anaesthetics can actually lead to a paradoxical opposite effect. The underlying mechanisms involve several neurotransmitter systems, acting mainly in the amygdala, hippocampus, and neocortex. Here, we review animal studies of aversive conditioning under anaesthesia, discuss the complex picture that arises, identify the gaps in knowledge that require further investigation, and highlight the potential translational relevance of the models.
Medical procedures present patients with noxious physical and emotional experiences. General anaesthesia aims to minimise these experiences and prevent formation of postoperative traumatic memory and subsequent adverse sequelae. About 0.1e0.2% of patients undergoing general anaesthesia report accidental awareness under general anaesthesia (AAGA), resulting in explicit memory formation (the ability to report intraoperative events).
1,2 AAGA and its implications have been widely studied and reported. 1,3e6 The absence of explicit memory does not mean that stimuli are not experienced as noxious, and importantly does not prevent formation of unaware or implicit memory.
7e11 Implicit memory formation in humans subjected to anaesthesia has been suggested by a number of studies using paradigms such as degraded image recognition and word stem completion. 8,11e15 These studies tend to address non-emotional implicit memories. Human studies of emotional and aversive implicit memory under anaesthesia are scarce because of methodological and ethical limitations. Sevoflurane blocks emotional memory at low (sub-hypnotic) concentrations, 16 and sub-hypnotic doses of propofol block hippocampal but not amygdala response to emotionally arousing memory tasks. 17 Using the isolated forearm technique, responsiveness was reported in almost 5% of patients with seemingly adequate anaesthesia, but no postoperative explicit memory was reported. Implicit memory in such patients remains an open question.
18
Implicit traumatic memory can result in emotional/affective responses to future events, and its incidence is potentially high. However, evidence of the exact extent in humans and its implications are not consistent and are actively debated, with responses differing between anaesthetic agents and memory examination techniques.
19e21 Taken together, different levels of maintained intraoperative awareness pose a sizeable, yet potentially preventable, public health hazard.
In this review, we focus on evidence from mammalian models of learning and implicit memory under anaesthesia with clinically relevant agents. Animal models provide an opportunity to evaluate distinct elements of implicit memory formation processes. Pavlovian classical conditioning offers a simple and elegant set of paradigms, and is extensively used to gain insight into these processes and their resulting changes in brain structure, brain activity, and behaviour. Human studies are commonly unable to provide such mechanistic data and their results are well covered elsewhere. 4, 19, 22 Here, we present cross-species and cross-drug findings and mechanistic insights gathered through electrophysiology, biochemistry, and genetics. Our aim is threefold: first, to show how anaesthesia can be viewed from a neurobiological scientific perspective as an intentional perturbation of valence (i.e. the rewarding or unpleasant nature and magnitude of an experience) and formation of implicit fear memory exposing its underlying mechanisms; second, to shed light on the formation of implicit memory under anaesthesia as a potential behavioural and clinical phenomenon that requires prevention and possibly treatment; and finally, to explore open questions and areas for future research.
For the reader's benefit, we provide our literature search algorithm in Appendix 1. General details of manuscripts included on in vivo animal studies investigating the effects of volatile anaesthetics, GABAergic anaesthetics, and other anaesthetic groups are given in Supplementary Tables S1eS3, respectively.
Memory processes, circuits, and Pavlovian fear conditioning
The process of memory formation is commonly divided into consecutive phases: acquisition (encoding new learned behaviour), consolidation (stabilisation of the memory trace via strengthening the communication between synapses facilitating storage), retrieval (accessing stored memories), and in certain situations, reconsolidation (re-evaluation of previously learned behaviour and updating the memory trace/re-storage) or extinction (inhibition of stored memories and learned behaviour). 23 The question of how anaesthetics modify the perception of stimuli and the formation of memory, either implicit or explicit, has been only partially elucidated. Fear conditioning (FeC) is a well-established behavioural model of associative learning and implicit memory formation. 24e29 Simply put, during acquisition a certain environmental stimulus, such as a tone or light, is learned or conditioned [referred to as the conditioned stimulus (CS)] to predict an upcoming aversive or nociceptive event [referred to as the unconditioned stimulus (US)], such as a puff of air delivered to the eye or electrical shock delivered to the limbs (Fig. 1a) . Mammalian responses are often innate and stereotypic (e.g. eye blink, freezing, or leg flexion) and constitute the unconditioned response (UR). Throughout the process of fear Pavlovian aversive conditioning using a tone-conditioned stimulus (CS) and foot shock-unconditioned stimulus (US). (a) Example of common apparatuses and paradigm for fear conditioning (FeC) in rodents. In the example, the tone-CS is delivered through a loudspeaker and is presented ahead of a short electrical shock delivered to the limbs of the mouse through the metal grid (left). The unconditioned response (UR) is freezing in response to the unconditioned stimulus (US) and the conditioned response (CR) is freezing in response to the CS. During acquisition, the CS and US are repeatedly presented together (middle) and the paired CSeUS conditioning results in increase freezing time in response to the CS (right). (b) During extinction, the animal is located in the same environment as during acquisition (left) but the CS is presented alone (middle), a manipulation that results in decreased CR (right).
conditioning, the CS repeatedly presented ahead of the US turns from neutral to having independent aversive emotional value (i.e. valence culminating in the subject's reaction to the CS) with a conditioned response (CR) that resembles the UR. Subsequent repeated presentation of the CS alone (Fig. 1b) , in the absence of the US, results in uncoupling between the CS and US, and extinction of the CR (but not the UR). A common measure of conditioning is the rate of progressive CR development in response to paired CS-US presentations, a phase known as acquisition (Fig. 1a, right) . It can be quantified by the amplitude of the CR, or by the number of trials necessary to reach a given CR threshold.
While acquisition is modelled to reflect learning, retrieval reflects memory preservation over a prolonged time period. Fear memory retrieval is commonly measured as the CR amplitude after a predefined testing interval between acquisition and testing. The strength of fear memory can also be measured by its resistance to extinction, or the decrement response to the CS after repeated unpaired presentations (Fig. 1b, right) . From here on, we will refer to the subject's ability to preserve the CR over time as retention.
The amygdala is essential for the acquisition of Pavlovian fear conditioning and the expression of fear CRs. Anatomical and physiological studies indicate that information about the CS and US coming mainly from the thalamus and neocortex converge to the basolateral amygdala (BLA) and association is formed (Fig. 2) . The central nucleus of the amygdala (CeA) is the main output nucleus of the CR. Deactivation of the BLA before fear conditioning prevents acquisition of fear CRs and post-acquisition deactivation of the CeA prevents expression of the fear CRs. 25,27e32 Importantly, the hippocampus is necessary for explicit and contextual memory formation and may process information and form memory in parallel and independently from the amygdala.
33
The medial prefrontal cortex (mPFC) modulates amygdalainitiated associations. The two structures form a reciprocal circuit crucial for adaptive learning and fear memory. 24,34e37 In addition, the mPFC has a robust, bidirectional connection with the hippocampus.
38
The thalamus functions as a key sensory hub to hierarchically superior cortical and sub-cortical nuclei. It is currently unclear if thalamic activity, especially under anaesthesia, curbs ascending stimuli or whether it merely mirrors activity in the cortex.
39e41
The amygdala, mPFC, hippocampus, and thalamus and their reciprocal connections are the key structures involved in FeC and, as shown below, are affected by general anaesthetics.
Suppression of fear memory by general anaesthesia
As a general rule, anaesthetics successfully impair fear memory formation. However, there are important exceptions related to drug dose, timing, type of learning, and neuromodulation. The overwhelming majority of aversive conditioning research has been carried out on rodents; for the purpose of brevity, unless specified otherwise, the studies described in this review have been carried out on rodents.
The inhalation anaesthetics desflurane, sevoflurane, isoflurane, halothane, and nitrous oxide impair acquisition and retrieval of fear memory in a dose-dependent manner. Interestingly, a relative resilience of acquisition over retrieval was observed across different agents and paradigms, with higher anaesthetic concentrations necessary to suppress acquisition than to suppress retrieval. 43 Ketamine, exerting primarily (yet not exclusively) N-methyl-
Neuronal substrates of tone-shock conditioning. The tone-conditioned stimulus (CS) and somatosensory-unconditioned stimulus (US) are delivered through the thalamus to the auditory and somatosensory cortices, respectively, and to the basolateral amygdala (BLA). The CS and US reach the amygdala via the cortices and CSeUS association is formed in the BLA. After conditioning, CS presentation results in the BLA to central amygdala (CeA) activation and the CeA delivers the neuronal conditioned response (CR) to downstream structures responsible for generating behavioural, autonomic, and endocrine responses. On the right side of the figure is an anatomic presentation of the relevant structures in a brain slice from a rat (top) and MRI of a rhesus monkey (bottom). Amy, amygdala; Ctx, cortex; Hipp, hippocampus; mPFC, medial prefrontal cortex; Thal, thalamus. The BLA and prefrontal cortex play a crucial role in the amnestic effect of GABAergic anaesthetics on implicit fear memory. Lesioning the BLA or injecting it with the GABA antagonist bicuculline reverses the isoflurane and propofolmediated retrieval decrease.
70e72 Bicuculline injected into the medial septal area before FeC under midazolam prevents the acquisition deficit but is not sufficient to prevent a retrieval deficit. 73 Bicuculline injected into the amygdala after FeC under midazolam prevents the retrieval deficit. 74 These complementary studies suggest midazolam produces deficits in both acquisition and consolidation. The information presented so far suggests anaesthetics affect both acquisition and storage of implicit fear memories, as measured by retrieval/extinction. Furthermore, it indicates that integration of neural inputs and CS-US association during exposure (i.e. during surgery) can be more resilient to anaesthetics than storage and ability to report these implicit fear memories. It also suggests that implicit memory retrieval after anaesthesia, which is the primary measurement in the vast majority of human studies, is a limited measure of events occurring during anaesthesia.
Genetic manipulations have been applied to common molecular targets, mainly the GABA A R, aiming to identify its role in the formation of implicit fear memory. Extinction is considered to be new independent learning where the association between the CS and US is inhibited (Fig. 1b) , as opposed to removal of a previous memory trace. 84 Extinction is achieved by repeated presentation of the CS without the US, and is mediated by the medial-prefrontalcortex. 85 Fear conditioning in awake rats, followed by extinction under pentobarbital anaesthesia, shows failure of extinction learning and reduction of c-Fos concentrations, a marker of neuronal activation, in the mPFC. However, electrical stimulation of the mPFC under anaesthesia enables extinction with a correlated reduction in evoked field potentials in the lateral amygdala.
86
These studies substantiate perturbation of learning and implicit fear memory by anaesthetics, and point to different time frames and behavioural endpoints during acquisition, retrieval, and extinction. Mechanistically, they point to major molecular targets and the anatomical structures involved. Anaesthetics suppress retrieval, and to a lesser degree, acquisition of memory. The amygdala seems key to their modulation and the GABA A R is the main molecular target.
Implicit fear memory under general anaesthesia
Formation of memory under anaesthesia can occur under certain conditions. As previously discussed, AAGA and explicit memory are rare. Fear conditioning under anaesthesia in animal models demonstrates that the circuitry for creating implicit memory is functional during anaesthesia (under certain conditions), and may explain the positive studies reporting implicit memory under anaesthesia in humans. In contrast to studies that show decreased conditioning with ketamine, 62 other studies show successful acquisition of FeC under ketamine anaesthesia. 87, 88 An enhanced response to the CS in the auditory thalamus and auditory cortex under ketamine anaesthesia could be retrieved in an alert state, while responses learned in awake animals could be retrieved under ketamine anaesthesia. 89e91 However, learning that occurred under ketamine anaesthesia could be detected only by indirect measures such as improved re-learning of the same task. 68 Two studies of auditory conditioning under isoflurane anaesthesia showed increased firing of BLA neurones during post-anaesthesia exposure to the CS or CSþ (CS paired with US), but not to a similar tone that was not paired with the US (CSÀ). Similarly, during testing under anaesthesia, mPFC neurones displayed increased firing rate and local field potential power in response to CSþ but not CSÀ. This response diminished after repeated exposure to CS alone, suggesting extinction under anaesthesia. However, the neural responses did not correlate with the behaviour. 92, 93 In some cases, different anaesthetics can cause the opposite effect on the same task: for example, dexmedetomidine may impair retrieval in a certain task, while ketamine enhances it. 94 These studies suggest that stimulus reception, integration, and storage are possible under anaesthesia, which could have relevant translational implications. In the next sections we explore conditions under which such learning occurs.
The anaesthetic sensitivity of context and complexity
The natural environment seldom presents us with isolated stimuli. Context conditioning (i.e. learning the environment where conditioning took place as a CS) entails integration and discrimination of multiple elements, some relevant and some irrelevant. Lesioning the hippocampus can prevent context conditioning. 33 Conditioning paradigms under anaesthesia differ in complexity of the task. Paradigms can present simple, isolated simultaneous CS-US pairing (cued conditioning), add time delays between the end of the CS and beginning of the US (trace conditioning), or require the animal to learn an elaborate context (context conditioning). Unlike the agents above, ketamine in a sub-anaesthetic dose causes a deficit in trace conditioning, but not in cued or contextual tasks. This task dependent difference correlates with attenuated GABA B receptor subunit levels. 104 Conditioning under dexmedetomidine produces a deficit of cued but not of contextual fear memory.
69
Anaesthetics may restrict learning by creating state dependency. Halothane anaesthesia before conditioning can reduce FeC, 48 but this retrieval deficit is partially recovered when halothane anaesthesia is performed before retrieval as well. 49 Midazolam suppresses retrieval only when tested in the same environment/context (context dependent), while CR is observed while testing in a different environment. 100 Volatile agents and etomidate preferentially affect context rather than the cue memory. Ketamine and dexmedetomidine have a more variable effect. Clearly, neither memory nor memory suppression by anaesthetics are all or none outcomes. Whether or not successful associative learning occurs under general anaesthesia depends on agent and dose, but also on the task at hand, as complex paradigms are more susceptible to anaesthetic interference. This may point to a hippocampus centred effect, but could also stem from an incremental derangement of global integration processes.
Differences between memory of context and discrete stimuli suggest that anaesthetics have a dose-dependent incremental effect on stimulus integration, and that although some aspects of memory formation can be suppressed by anaesthesia, others are spared. A complementary possibility is that rather than a global decrement in integration, anaesthesia dissociates circuits involved in high-level integration of multiple stimuli and parameters (i.e. context, temporal associations, etc.), from more rudimentary circuits involved in simple associations that remain intact and allow for implicit memory formation.
Low doses of anaesthetics can enhance fear memory
In certain situations, such as high-risk patients and unstable patients, anaesthetics are intentionally administered at low concentrations. This, in addition to bedside observations of agitation and arousal when anaesthetic concentrations are transiently low during induction or emergence, has sparked research into pharmacodynamics during low and subhypnotic doses of anaesthetics. Surprisingly, this research suggests bidirectional dose-dependent effects of anaesthetics. Aside from facilitation of memory processes, low-dose anaesthesia has been implicated in hyperalgesia, 105, 106 an increased perceived intensity of painful stimuli that might, in parallel, contribute to FeC. Sevoflurane increases memory retrieval at very low subhypnotic concentrations (0.11 vol%) and decreases retrieval at a higher sub-hypnotic concentration (0.3 vol%) compared with control subjects. This two-way effect correlates with hippocampal activity and with regulated cytoskeletal protein (Arc) concentrations. 107 BLA lesions reverse both the retrieval enhancement produced by a low (0.11 vol%) concentration and the retrieval deficit produced by a higher sub-hypnotic (0.3 vol %) concentration of sevoflurane. 72, 108 Propofol given at a low dose during the consolidation window after FeC can enhance retrieval. 94, 109 Midazolam enhances both retrieval and acquisition at low doses. 110 All of these studies were performed using a single dose, never reaching unconsciousness (or loss of righting reflex), and can be regarded as equivalent to the induction limb of the anaesthesia hysteresis curve. We are not aware of any studies looking at the emergence limb. Animal models point to the possibility of facilitated learning and implicit fear memory during low anaesthetic dose states. This may parallel other excitatory phenomena such as emergence agitation, which also occurs with subhypnotic anaesthetic concentrations.
111e114 This may be the result of modulation of acquisition, stimulus valence, and/or consolidation (see below). It may also stem from an unbalanced simultaneous effect on excitatory and inhibitory circuits. Regardless of mechanism, this may be clinically relevant, representing an undesirable outcome of general anaesthesia.
Anaesthetic effects on the aversive valence of unconditioned stimuli
Valence is the feature of a stimulus referring to its magnitude of pleasantness or, as is the case in most medical scenarios, aversiveness. In conscious animals, the rate and magnitude of conditioning positively correlate with the magnitude of the US. In other arousal levels (e.g. under sedation or anaesthesia), the response to a stimulus can be viewed as a result of its attributed valence and level of arousal.
115
Goals of general anaesthesia are not only to prevent the memory of surgical events, but also moderate their perceived valence and diminish arousal. However, in most studies valence is evaluated retrospectively, explicitly in humans and implicitly (as inferred by retrieval testing) in animals. The specific effects of anaesthesia during different epochs of exposure are difficult to determine. It is difficult to ascertain whether compromised retrieval is the result of mitigated stimulus valence, decreased arousal, or impaired memory processes. The studies presented here attempt to separate these effects.
Rabbits subjected to increasing concentrations of nitrous oxide show incremental suppression of both URs and CRs suggesting the effect on implicit fear memory is at least partially because of devaluation of the CS, US, or both.
50 This is not conclusive, as the effect could arise from an anaesthetic effect on the response rather than the perception. Dexmedetomidine suppresses retrieval only at doses sufficient to produce suppression of US somatosensory evoked potentials, 68 again pointing to a mitigated US as an avenue for reduced memory formation. In contrast, desflurane impairs FeC independently from the intensity of the US, suggesting an effect specific to implicit fear memory processes that is independent from analgesia.
51
Specific anaesthetics can produce an independent analgesic effect at high doses, 43 From an experimental perspective, untangling the primary perception of valence from its corresponding memory formation is a methodological challenge. These distinct aspects might not correlate in magnitude or be altogether independent and can vary between different drugs. From a clinical perspective, simultaneous administration of multiple anaesthetic and analgesic drugs likely impedes both valence and implicit fear memory formation. Effectively leveraging these two effects offers the best clinical approach to minimising both intraoperative exposures and postoperative consequences.
Anaesthetics, timing, and conditioning
Most studies examine the effect of anaesthetics administered during aversive exposure to CS-US pairing and acquisition, as these seem to be common clinical scenarios. The following studies explore the precipitating effect of anaesthesia before exposure and its mitigating effect on consolidation. Such conditions may be relevant in scenarios such as pain and stress during the postoperative period and sedation or anaesthesia for treatment after trauma.
Isoflurane reduces the enhancing effect of priming stress (stress occurring before conditioning) 117 and reversed corresponding gene expression patterns in neurones and glia of the lateral amygdala. 121 Increasing isoflurane concentration immediately after acquisition does not change retrieval, suggesting an antegrade not retrograde effect. 95 In contrast to isoflurane, sevoflurane suppresses retrieval when administered both before and after training, suggesting possible roles in both acquisition and consolidation. Arc protein expression, a marker of consolidation, is also suppressed. 82,83 Anaesthetic inhibition of hippocampal glycogen synthase kinase-3b (GSK3b) phosphorylation was suggested to account for posttraining consolidation impairment. Recovery of phosphorylated GSK-3b concentrations correlates with reversal of the retrieval impairment under sevoflurane supporting this view. 122 Midazolam, given systemically or injected into the BLA, behaves similarly to isoflurane, negating the effects of priming stress on acquisition and repressing activation of the ERK1/2 pathway that is thought to mediate associative learning. 123 An increase in dendritic spines in the dorsal hippocampus is attenuated. Intra-BLA injections of midazolam prevent the priming effect of stress before retrieval testing. Brain-derived neurotrophic factor (BDNF) concentrations correlate with this change and BDNF knockdown reduces this response. 124, 125 Anaesthesia modifies retrieval of associations learned while awake. Midazolam administered before testing augments retrieval. 126 It interferes with initial extinction but does not suppress iterative re-conditioning and re-extinction once inhibition of the CR has been learned. It appears that formation and consolidation of traumatic implicit memories are influenced not only during the exposure itself (e.g. during surgery), but also by the state of the subject before and after the exposure, and even after a repeated exposure to the environment (reactivation). This underscores the potential role of pharmacologic interventions (e.g. perioperative anxiolysis) before surgery starts and after it ends, complementing general anaesthesia.
The role of neuromodulators
The neurobehavioural state before anaesthesia reciprocally interacts with neuromodulators, which can be complex and bi-directional. For example, in a patient anxiously anticipating surgery, activation of the hypothalamic-pituitary-adrenal axis likely results in increased catecholamines and stress hormone concentrations. In addition, although most clinically used anaesthetics converge on a limited set of biochemical targets (GABA A and NMDA receptors, etc.), they seldom do so in a completely specific manner and on multiple occasions they may modify neuromodulator release. Thus, neuromodulators likely play a significant role in aversive learning and the effects of anaesthesia.
Early studies showed epinephrine partially reverses acquisition deficits produced by barbiturate anaesthesia.
60,61
An attempt to replicate this finding using isoflurane and desflurane demonstrated no significant differences in concentration-dependent retrieval suppression. 52 ,53 Yet a sevoflurane retrieval deficit was reduced by post-training, intra-BLA infusion of norepinephrine 82 and the 5-HT 7 receptor antagonist SB269970. It was also partially enhanced by the serotonergic agonist AS-19.
83
Amphetamines administered before testing reduce propofol-induced retrieval deficits. 55 As mentioned before, low-dose propofol administration after FeC enhances retrieval, and also increases endocannabinoid concentrations. Furthermore, a cannabinoid antagonist reverses the retrieval increment. 109 Ketamine induces acquisition and retrieval deficits that are partially reversed by dopamine D1 and D2 receptor antagonists. 63 The suppression of FeC by ketamine is associated with a serotonin stimulated increase in phosphoinositide metabolism in hippocampal and cortical slices. 64 Ketamine induces an impairment in implicit fear memory that is attenuated by a median raphe lesion lending further support to serotonergic relay.
65
Midazolam's inhibition of FeC and long-term potentiation of hippocampal neurones correlates with elevated neurosteroid concentrations and is partially reversed by injecting a neurosteroid antagonist or inhibiting neurosteroid synthesis. 135 Not surprisingly, anaesthetics exhibit an intricate interplay with a number of neuromodulators. These interactions can reduce the effects of different agents or provide synergism that may be clinically leveraged. It seems that catecholamines (either directly or indirectly) have the most pronounced neuromodulatory effect on learning and can mitigate anaesthetic depression of learning. Evidence regarding other targets is scant, precluding clear conclusions and leaving much room for further research.
Areas for future research
Available information is currently focused on volatile anaesthetics, midazolam, ketamine, and propofol, a range of agents that encompass the mainstay of current anaesthetic practice.
Animal models and paradigms
Studies are almost exclusively based on rodent models that, although highly accessible, have significant translational limitations. It is difficult to objectively translate the face validity of rodent behaviour. Moreover, the complexity of behavioural paradigms in these model animals is limited and does not reflect the wide range of complex behaviours we seek to understand. In addition, evolutionary distance may portend significant differences in circuitry and molecular targets. 136 Future studies should include other species and more complex behaviours.
Pharmacology
A major limitation of the current literature and a main translational drawback for non-volatile anaesthetics is the use of single or selected doses ('low/high', etc.) and atypical administration routes such as i.p. injection in rodents. These do not allow reliable inference or extrapolation of clinically useful human dose-response curves. Experiments involving non-volatile anaesthetics may be better executed by using a wider range of doses allowing for a dose-response relationship calculation.
Circuits and structures
The relatively few in vivo electrophysiology studies support the possibility that associative learning may be both formed and expressed under anaesthesia. These studies have focused on neuronal firing rate mainly in the BLA and the mPFC. The small number of studies using a limited set of variables is in contrast to the potential value of this methodology in elucidating the physiology of experience and memory under anaesthesia. Lesion studies and studies of receptors and second messengers point to the BLA as a convergent site of anaesthetic actions. Its pivotal role in aversive memory formation and anaesthetic action has been well established and adds to our understanding of the amygdala and the construct of emotional circuitry. 37 In contrast, there are a relatively small number of in vivo studies of FeC and hippocampal, thalamic, and other targets.
Molecular machinery
Different subunits of the GABA A R have been the main focus of genetic manipulation. This has substantiated their role yet leaves numerous targets unexplored. The holes and contradictions in Table 1 clearly illustrate that we do not have a full understanding of this target despite it being the most studied one. These gaps leave open questions that need to be resolved. It can be seen that the effects of anaesthetics on conditioning and memory formation are mediated via multiple molecular targets and at multiple levels: from effects on receptors, through modulation of second messengers, and gene expression. Further work is necessary to understand how these pathways work together to create memory and conditioning, and how and in what region and level they are affected by anaesthetics.
Conclusions
General anaesthetics create dose-dependent suppression of learning and implicit fear memory. However, the suppression is not always complete and can differ between agents and phases of memory formation. Under certain circumstances, aversive experiences can be received, perceived, consolidated, and retrieved under anaesthesia, evading the desired therapeutic effect. Context memory seems more sensitive than memory of discrete stimuli. Anaesthesia is modulated by stress and neuromodulators, pointing to potential mechanisms of human pathology and therapeutic targets. Conditioning occurring under anaesthesia suggests intact aversive valence of the stimulus and, at least to some degree, intact integration. This challenges the precept that under anaesthesia, aversive stimuli are 'received but not perceived'. Even when conditioning is impaired and implicit fear memory processes are compromised, the qualitative valence and in certain cases intensity of noxious stimuli can still be maintained.
Implicit fear memory can be enhanced by low doses of various anaesthetics. This might have clinical relevance when a low-dose strategy is intentionally used (i.e. high-risk patients, procedural sedation) and during emergence from anaesthesia. Anaesthetics may also play a role beyond the time of aversive exposure. This may be used to facilitate preparatory or early post-exposure interventions to minimise untoward long-term effects.
The magnitude of inhibition induced by anaesthesia and its temporal dynamics might be unevenly distributed between the hippocampus, amygdala, and the mPFC. The hippocampus and declarative (explicit) memory can be more dominantly influenced than other sites and their correlated memory processes.
Animal models of anaesthesia offer a highly accessible tool to manipulate and probe learning and memory systems. Understanding the perception of stimuli and subsequent memory presents a scientific challenge. Future research should combine behavioural evaluation of the effects together with studies of the underlying mechanisms. Doseresponse should be used more frequently (especially for non-inhalation anaesthetics), and interventions to provide a causal relationship rather than a correlation should be sought. These endeavours offer much needed translational insights into current practice and identification of new therapeutic avenues. They may also help unravel the nature of learning and memory, perhaps the most basic fundamentals at the core of human experience. Hebbian theory suggests that learning and memory, the process of obtaining and maintaining new information, is triggered by activity dependent cellular changes. These electrophysiologic, genetic, molecular, and morphologic changes (to name a few) are followed by modulation of circuits, structures, and cross-brain interactions. These mechanisms and the methods used to study them are diverse and complex and an unabridged report is beyond the scope and purpose of this review. Here, we briefly describe the main known mechanisms mentioned in the review, their impact on fear learning and memory, and their role in the study of learning and conditioning.
Authors' contributions
-Modulation of postsynaptic currents: this is a well-known and often studied cellular mechanism of learning. It can take the form of long-term potentiation (LTP) in which the response is enhanced, or long-term depression in which the response is attenuated. This mechanism allows storing information (i.e. learning) by changing the strength of the synaptic connections and communication between neurons. The change occurs after specific types of activation (e.g. repeated high frequency activation to induce LTP) or after coupling of the activation of a specific synapse with spiking of the receiving neurone and remains constant for a prolonged period. -Immediate-early gene expression: gene expression can be modified (mostly up-regulated) by neuronal activity. Modulation of gene expression can lead to long-term changes in neuronal activity and responsiveness to stimuli such as the conditioned stimulus. Gene expression is an effective way to create memories by storing information. There are a number of genes that have been shown to participate in learning and memory processes. These immediate-early genes include egr-1, c-fos, and Arc. Measuring the concentrations of their ribonucleic acid or protein, and recently perturbating these genes with opto-and chemo-genetic tools, may be used to study learning and memory. -Dendritic spine plasticity: dendritic spines demonstrate a morphological form of plasticity. Synaptic contact between two neurones, commonly between an axon and a dendrite, is often located on a pedicle-like structure called a dendritic spine. These structures have a plastic nature, and their size, location, shape, and sometimes even their very existence depends on the activity of cytoskeletal proteins (mainly actin). Spine number can vary, and their stability can differ. Neurones can modulate information transfer and store information by creating new, stable spines. Spine maintenance and plasticity are activity-dependent, and changes in spines are correlated to learning and to other cellular manifestations of learning such as LTP. Measuring spine density and morphology can be used to study learning. , cyclic adenosine monophosphate, cyclic guanosine monophosphate, phosphoinositide metabolites, and other pathways. Manipulating these pathways can be used to demonstrate their role in the learning process. Measuring the levels of second messengers or their effectors (e.g. protein phosphorylation) can be used to monitor their activation and demonstrate that long-term modification (i.e. learning) is taking place.
